MgO-bearing cements were investigated in a full scale field S/S trial. The effects of inorgano-organo-clay and binder content were investigated. Long-term performance of cores was evaluated by UCS and leaching properties. The MgO-GGBS blends showed superior performance compared to other binders. 
Introduction
Solidification/stabilization (S/S) is a commonly used land remediation method, which aims to enhance the mechanical properties and leaching resistance of the contaminated soil using various binders. Portland cement (PC) is the most widely used binder in the S/S techniques. However, PC production is known to be highly energy intensive and responsible for 5e10% anthropogenic CO 2 emissions, leading to various measures to reduce its usage. Additionally, the high pore water pH of PC (usually >13) will increase the mobility of many heavy metals (Conner, 1990) . When the contaminants are not limited to inorganics, PC is known to be ineffective and must be applied with strict caution (Pollard et al., 1991) . The replacement of PC by industrial by-products (e.g. fly ash and slag) is widely accepted due to the reduced environmental impact and improved material properties such as lower permeability, better buffering capacity and reduced leachability (Weng and Huang, 1994; Dermatas and Meng, 2003) . Additionally, the residual carbon content in fly ash plays a significant role in adsorbing organic contaminants, reducing their mobility as reported in (Low and Batley, 1988; Banerjee et al., 1995) . Industrial adsorbents such as activated carbon and inorgano-organo-clays (IOC) also received significant attention and have shown promise for immobilising organics in the S/S techniques (Pollard et al., 1991) but their long-term effect on the final waste forms and their compatibility with different binder formulations have yet to be validated.
Magnesia (MgO) has been reported to have superior immobilisation capacities for a wide range of contaminants due to (1) its pH neutralisation range of 9e11, where the solubility of metal hydroxides are at their minimum; (2) ion-exchange between magnesium and other metal cations and (3) complexation between contaminants and OH-groups on the MgO surface (García et al., 2004; R€ otting et al., 2006; Cubukcuoglu and Ouki, 2012; Tresintsi et al., 2013) . In addition to numerous studies (Bochkarev et al., 2007; Nagappa and Chandrappa, 2007; Moussavi and Mahmoudi, 2009 ) on the wastewater treatment using MgO, a few studies (García et al., 2004; Iyengar, 2008; Suzuki et al., 2013; Wang et al., 2015a) have been carried out on the utilisation of MgO for contaminated land remediation. They concluded that MgO is an effective immobilisation agent for soils contaminated by heavy metals and the efficiency can last for a long time due to the low solubility of its hydration product (Mg(OH) 2 , brucite). Recently, a new group of MgO-bearing cements has been developed (AlTabbaa, 2013) , which combines PC, MgO and other industrial byproducts (mainly fly ash or slag) in the formulations and showed many technical and sustainability advantages over conventional PC. Iyengar (2008) investigated the performance of MgO and pulverised fly ash (PFA) blend in the treatment of Zn contaminated soil. It is found that the leached Zn concentration was significantly lower in MgO-PFA blend than in PC-PFA blend, although the strength of the former was much lower due to little reaction between MgO and PFA (Iyengar, 2008) . compared the performance of MgO-ground granulated blastfurnace slag (GGBS) and lime-GGBS blends in the presence of high levels of Pb and Zn contaminations. They reported an improved pH buffering capacity and higher immobilisation efficiency of the former binder due to the hydrotalcite (Mg 6 Al 2 CO 3 (OH)$4(H 2 O))-like phases formed. Apart from the laboratory work, a field study showed that although using MgO alone produced minimum strength, it is very effective in immobilising both organic and inorganic contaminants (Wang et al., 2015a) . Replacing 90% of MgO by GGBS not only maintained the metal immobilisation efficiency but also significantly enhanced the strength (Wang et al., 2015b) .
This study aims to further validate the utilisation of MgObearing binders in S/S techniques by evaluating the performance of samples cored from a highly contaminated land after 3 y of insitu S/S treatment. The main objectives are threefold: (1) investigating the long-term mechanical and leaching performance of S/S materials; (2) comparing various MgO-bearing binders with PC; and (3) assessing the effect of IOC on the properties of S/S materials.
Materials and methods

Contaminated site and soil characterisation
The contaminated site characterisation can be referred to Wang et al. (2015a) . The S/S treatment was performed in May 2011 by insitu soil mixing down to 4 m below ground level, and the soil is primarily composed of made ground. The water content of the soil is~25%, and the liquid limit and plastic limit are~30% and~24%, respectively. According to the chemical analysis performed in 2010, the main heavy metal contaminants are Pb (38 mg kg À1 ), Zn ). Nevertheless, it should be noted that the contamination levels are highly variable depending on the location in addition to the varying nature of the site soil itself. According to the official data (Defra, 2015) , the annual rainfall in this region is 600 mm and the temperature varies from 1 to 21 C across the year. The average pH value of the rain is 4.4e6.1.
Materials and sampling
Although a wide range of binder compositions were applied at the site, only those containing MgO were cored at 3 y for detailed study together with PC (CEM I) for comparison purpose. The mixes assessed in this study were listed in Table 1 , where it can be seen that three groups of MgO-bearing binders were utilised, namely, MgO alone, MgO-GGBS, and CEM I-MgO-PFA cements. The IOC was prepared in the laboratory by modifying bentonite with chlorhydrol and polypropylene glycol (PPG), the composition of which is detailed in Wang et al. (2015b) . The effects of binder composition, addition of IOC and the grout content were investigated according to the mix design. The site sampling was performed in March, 2014 using the pressurised rotary coring down to 1.5 m for most mixes while two mixes (2 MG and MG þ IOC) were cored down to 3 m. The core samples were sealed in the Ø 0.1 Â 1.5 m plastic tubes and sent to the laboratory for testing.
Testing procedure
The qualities of the core samples were firstly assessed by total core recovery (TCR) and rock quality designation (RQD) calculated as follows:
where l p is the sum of length of core pieces, l 100 the sum of length of core sticks longer than 100 mm measured along the centre line of the core and l t the total length of the core. To determine the unconfined compressive strength (UCS), the cores were trimmed into cylindrical pieces with a height to diameter ratio of~2. The permeability test was conducted in a triaxial cell according to (US Army, 1992) using trimmed cylinders with a height to diameter ratio of~1. After the UCS test, the crushed samples were then subjected to the batch leaching procedure as per BS EN 12457-2 (2002) . The CO 2 saturated water (pH at~5.6) was used instead of deionised water to simulate the slightly acidic rainwater. The concentrations of the major heavy metal contaminants (Pb, Zn, As, Cr, Cu and Ni) as well as Al, Si, Ca and Mg in the leachate were analysed using inductive couple plasma optical emission spectroscopy (ICP-OES) on the PerkinElmer 7000 machine. An accurately measured 300 mL leachate was then transferred into a 1000 mL plug-contained conical flask for organic extraction. After adding 30 mL dichloromethane (DCM) into the flask and shaking for 2 min, the mixture was left until a clear separation of two layers was observed. The bottom layer was carefully dripped into a cylinder. After repeating this extraction three times, the collected mixture was poured into a pre-weighted glass container, which was then put in a fume cupboard. After 72 h evaporation, the mass of the residual was recorded and calculated for the total organics (TO) concentration in the leachate (Wang et al., 2015b ).
Results
Core quality
The qualities of the retrieved cores vary significantly depending on the binder composition. To quantify the quality of the core recovered from the boreholes after S/S treatment using different binders, TCR and RQD of each core were calculated and shown in Fig. 1 . In general the two parameters agreed well with each other except for M þ IOC mix, which has a high TCR but very low RQD. This can be attributed to the very low but consistent strength of this mix. According to the RQD classification (Deere, 1989) , mixes containing only MgO (M, M þ IOC) were of very poor quality (RQD < 25%), while only one mix with 2 times grout content of MgO þ GGBS exhibited good quality cores (RQD ¼ 75e90%) with the others in between. Fig. 2 shows the UCS of the trimmed cylinders from each core with depth. It can be seen that soils treated with MgO only showed minimum strength as low as 200 kPa, while binders made of MgO and GGBS (MG, 2 MG and MG þ IOC) gained more than 3.5 MPa strength at 3 y. It should be noted that most specifications on the UCS of S/S materials are based on the 28-d strength, but a comparison of the 3-y UCS with the specifications is still worthwhile in the view of assessing the strength degradation of the S/S materials exposed to field conditions. US EPA suggested an UCS of 350 kPa at 28 d for materials to be disposed of to landfill (USEPA, 1996) , while in the Netherlands and France, a UCS of 1000 kPa is suggested (Perera et al., 2005b) . A much higher value of 3500 kPa has been suggested by Wastewater Technology Center (1991) taking into account that the compaction of municipal waste might subject the S/S material to higher stresses. As can be seen from Fig. 2 , only the mixes using MgO and GGBS can fulfil the requirement in Wastewater Technology Center (1991) . In terms of the effects of the variables investigated in this study (binder composition, modified clay addition and grout content), a few conclusions can be drawn from the UCS results: (a) MgO alone is very weak due to the nature of its hydration product (brucite) (Vandeperre et al., 2007); replacing MgO by GGBS enhanced the strength remarkably; (c) doubling the grout content and hence the binder content almost doubled the strength of the treated soil; (d) replacing 90% PC by MgO and PFA had no obvious effect on the strength in the long term since the pozzolanic reaction between PC and PFA contributed to strength (d) adding IOC in the binders generally decreased the strength slightly. These findings agree well with the strength development under various binders reported by Wang et al. (2015a) at 1.5 y.
Strength and permeability
As for the permeability, in general the binders with higher strengths exhibited lower permeabilities as shown in Fig. 3 . Only one mix (M þ IOC) exceeded the limit of 10 À8 m s
À1
. Fig. 3 also revealed that the addition of IOC slightly decreased the permeability.
Batch leaching results
Leachate analysis
The leachate analysis after extraction with carbonic water Fig. 1 . Total core recovery and rock quality designation of the 3-y S/S cores. Fig. 2 . UCS variation with depth of the 3-y S/S cores.
showed that the concentrations of Cr, Cd, Pb and Zn were below the limit of detection (LOD) (0.7, 0.5, 20 and 3.3 mg L À1 for Cr, Cd, Pb and Zn, respectively) for all the samples, and are also far below the leaching limits set for the acceptance of inert waste sites in landfills (EA, 2002) . The concentrations of three detectable metals, (As, Cu and Ni) and the total leachable organics, were shown in Fig. 4aed together with those leached from untreated soils. It can be seen that even without treatment, the As leached is less than the limit for inert waste sites. PC is found to have negligible effect on immobilising As, while the other binders showed some improvement but highly dependent on the depth of the samples used, indicating the heterogeneity of the contamination or the poor quality mixing on the site. In general, regardless of the binder composition and depth, all the As concentrations satisfy the requirement for inert waste sites. The effects of grout content and addition of IOC are not clear due to the large variability of the data. In terms of the leachabilities of Cu and Ni, the results are very similar across all the binders used. The major finding are summarised as follows: (a) PC slightly decreased the leachability of Ni while increased that of Cu after 3 y; both metals exceeded the limits set for inert waste sites; (b) All the MgO-bearing binders decreased the leachabilities of Cu and Ni to lower than limit for inert waste site; (c) There is no apparent effect of doubling the grout content and adding IOC for MG and CMF binders. However, adding IOC into MgO (M þ IOC) has significantly increased the leachability of Cu and Ni compared to MgO alone (M), although they are the bestperforming mixes.
As for the leachable TO, a notable reduction from over 300 mg L À1 to 10e200 mg L À1 was observed after S/S treatment (Fig. 4d ). All the binders are effective while comparison among them is difficult due to the heterogeneity of the soils. It is noteworthy the no clear relationship was found between pH and TO, which is consistent with . Fig. 5 shows the concentrations of four cations (As, Cu, Ni and Al) in the leachates as a function of the pH values of the leachates. As can be seen, the pH values of the S/S materials after 3 y of treatment are mostly >9.0 and the binder composition showed the most remarkable impact on the pH. MgO and CMF binders have pH values in a relatively narrow range at~10.0, which are controlled by the solubility of brucite due to the large amount of MgO present. PC treated soils presented pH values from 9.0 to 10.5, which is far less than the equilibrium pH of portlandite (~12.5), indicating that significant carbonation occurred after 3 y of curing in the field. Mixes using MgO and GGBS (MG, 2 MG, MG þ IOC) exhibited pH in the range of 7.5e11.5, with most of the values lying between 10.5 and 11.5. The high pH values are attributed to the high pH buffering capacity of the hydrotalcite-like phases formed in these blends ). In addition, since the formation of hydrotalcite-like phases would become more prominent with curing ages, the buffering capacities of MG blends would improve with aging (Iyengar, 2008) . The three very low pH values belong to the MG þ IOC binder, which could be due to the low binder content in the samples tested due to the poor mixing. No apparent effects of IOC and grout content on the pH values were observed.
pH dependent leaching of metals
As for the electrical conductivity (EC) of the leachates, they decreased in the order of C (2570 ± 270 mS m
). Apparently, for the same binder, the addition of IOC decreased the EC and the replacement of PC/MgO by industrial by-products (GGBS/PFA) also decreased the EC. These can be attributed to the excellent adsorption capacities of ionic substances onto the modified clay and GGBS/PFA Dermatas and Meng, 2003) . From Fig. 5aec , it can be seen that the leachabilities of As, Cu and Ni are not pH dependent as reported by the literature (Johnson et al., 1996; Halim et al., 2004; . Instead, the binder composition is the most important factor that governs the leachabilities of these contaminants, suggesting different immobilisation mechanisms involved. In contrast, Al leachability is strongly pH-dependent for all the binders (Fig. 5d) .
The leaching results for As include both As (III) and As (V). According to Stronach et al. (1997) and Vandecasteele et al. (2002) , As (III) and As (V) solubility during S/S was limited by the formation of the sparingly soluble CaHAsO 3 and Ca 3 (AsO 4 ) 2 phases, respectively, which are both pH-dependent. However in this study, negligible As was leached and pH-dependence was not observed (Fig. 5a ), suggesting other immobilisation mechanisms in control, e.g. adsorption, isomorphic substitution. In addition, it is postulated that As can also be incorporated in the CeSeH matrix and form iron arsenate precipitate (Halim et al., 2004) , which could explain the low leachability of As after S/S treatment.
In general, the trends of leachability of Cu and Ni in soils treated by different binders are very similar, which increased in the order of: M and M þ IOC CMF and CMF þ IOC z MG, 2 MG and MG þ IOC < C (Fig. 5b and c) . The concentration of Cu in the leachate is reported to be controlled by the solubility of Cu(OH) 2 and malachite (Cu 2 (OH) 2 CO 3 ) Komonweeraket et al., 2014) . However, it is also found that Cu is likely to form strong complexes with organic ligands in the soils (Johnson et al., 1996; Rieuwerts et al., 1998) , resulting in higher leachability, which would be more applicable to this study due to the high concentrations of organic matters present in the contaminated soils. stated that NiCO 3 is the solubility-controlling phase for Ni in the lime-slag and PC-slag treated soils, but this study shows that for different binder systems and under field conditions, more complex phases are likely to be present and control the leachability of Ni. For example, isomorphic substitution took place when MgeAl hydrotalcite was used to remove Ni from wastewater (Liang et al., 2013) , which could explain the marginal leachability in all of the MgO-GGBS binders (Fig. 5c) . Unlike the contaminants, Al is significantly pH controlled, which agreed well with the literature that Al is determined by the solubility of Al(OH) 3 in both PC and hydrotalcite systems (kumar Allada et al., 2002; Wu et al., 2013; Komonweeraket et al., 2014) . Fig. 6 shows the relationships between Ca/Mg and Si concentrations in the leachates of the S/S samples. It is very clear that the concentrations and relationships are strongly dependent on the binder composition. In mix C, the Ca concentration is mainly controlled by portlandite, which is one of the major hydration products of PC, as well as calcite due to carbonation. On the other hand, the Mg concentration is dominated by the solubility of brucite, which originates from the PC impurity (Taylor, 1997) .
In the mixes with only MgO as the binder, significantly lower concentrations of Ca and Si and higher concentrations of Mg were found after leaching test. The source of Ca and Si is probably from the soil itself as well as the impurities in the MgO used (Jin and AlTabbaa, 2013) , while the Mg concentration is controlled by both the solubilities of MgO (unhydrated) and brucite. It is also found that the addition of IOC in the MgO slightly increased the Si concentration leached, which is attributed to the dissolution of the modified bentonite at high pH (Rozalen et al., 2009) . The same effect of IOC on the leaching of Si was not found in other binders due to the presence of CeSeH, which dominates the leaching of Si, as will be discussed in the following.
The range of Ca/Si ratio leached from the CMF and CMF þ IOC mixes is around 0.8e2.0. Meanwhile, significantly higher concentrations of Mg were detected due to the presence of brucite. It is also well known that decalcification of the CeSeH gel occurs with carbonation, resulting in the decrease of Ca/Si ratio and the formation of calcite. Thus, the concentrations of Ca and Si leached from CMF mixes are probably controlled by the solubility of both calcite and CeSeH.
In mixes of MG, 2 MG and MG þ IOC, there are more Si and less Ca leached compared to mix C, which is due to that the main hydration products are CeSeH and hydrotalcite like-phases , with much less portlandite and calcite formed. A strong positive linear correlation was found between Mg and Si concentrations indicating the formation of magnesium silicate hydrate (M-S-H) gels, which is in agreement and confirms the findings in previous studies on the MG mixes . The Mg concentration increased significantly faster than Si concentration, indicating other solubilitycontrolling phases, which are hydrotalcite-like phases, one of the major hydration products in the MG mixes containing brucite layers in its structure . kumar Allada et al. (2002) reported that the solubility of hydrotalcite-like phases is controlled by the individual hydroxide component in their structures and thus the Mg concentration is mainly controlled by the solubility of brucite.
Discussion
Replacement of PC by MgO in the PC-PFA mix in soil remediation
The replacement of PC by PFA has been investigated extensively considering the enhanced sustainability and durability in the long term (Taylor, 1997) . In the S/S treatment, PFA is reported to be an effective adsorbent for many heavy metals (Wang and Wu, 2006) and in particular organic contaminants (Banerjee et al., 1995) . The replacement of PC by MgO has been studied by Vandeperre et al. (2008) , showing decreased mechanical properties due to the weak nature of brucite and the minimal reaction between brucite and PFA. The results in this study are consistent with the previous works on the PC-MgO-PFA cement blends; however, in the context of soil remediation, this blend performed satisfactorily in terms of strength and permeability at 3 y (Figs. 2 and 3) . In addition, due to the pH buffering capacity of MgO, it is found that the pH values of the leachates have been confined in a much narrow range compared to PC (Fig. 5) . Accordingly, the leached Cu, Ni and total organic content are significantly lower than those from PC. Nevertheless, whether the improved immobilisation efficiency should be attributed to the PFA or the MgO is not clear.
Innovative MgO and MgO-GGBS binders in soil remediation
As reviewed in the introduction, the use of MgO in the soil remediation has been successfully applied and showed promising results (García et al., 2004; Iyengar, 2008; Suzuki et al., 2013; Wang et al., 2015a) . The current study agreed well with the literature that MgO alone can serve as an efficient immobilising agent in the contaminated soils. The concentrations of the leached metals are the least among all the binders tested, although the strength is far below the requirement for S/S materials. The replacement of MgO by 90% GGBS not only reduced the cost and enhanced the sustainability but also remarkably improved the strength, as can be seen in Fig. 2 . This innovative binder has recently gained more and more attention due to its better mechanical properties in the long term and its improved immobilisation capacity on Pb and Zn compared to the commonly used lime-GGBS binder (Yi et al., 2013; . The hydrotalcite-like phases formed in this binder have been extensively studied as promising adsorbents for numerous heavy metals and organics (You et al., 2002; Liang et al., 2013) . However, no reports on the application of hydrotalcite-like phases for the remediation of heavy metal contaminated soil are available. The current study provided valuable information regarding the performance of MgO-GGBS binder in the soil remediation after a relatively long time (3 y). The results are very promising in terms of higher strength, similar permeability and better immobilisation efficiency for both organic and inorganic contaminants compared to PC.
Effect of IOC in soil remediation
It is reported that the addition of clay could adversely affect the strength of cement pastes partially due to the swelling properties of the clay in water, which removed the water required for cement hydration, and partially due to the effect of the clay itself on cement hydration . This study is in agreement with the literature and showed that this adverse effect is also found on various MgO-bearing binders (Fig. 2) , although a slight decrease of permeability was observed probably due to the swelling properties of IOC. In terms of stabilisation of contaminants, the effect of IOC is not consistent across the binders and contaminants. Taking Cu as an example, adding IOC in CMF and MG mixes decreased the leachable Cu while increased it in binder M (Fig. 4b) . As for the organics, IOC seems to be more effective with binder M instead of CMF and MG. It is therefore inconclusive about the effect of IOC in the MgO-bearing binders and further research is required to elucidate the interaction among IOC and various MgO-bearing binders and the contaminants.
Time-dependent performance of different binders in soil remediation
It is known that real-time field validation of S/S techniques is essential, as this is the only exact method of knowing the performance over time, which also provides information for the back analysis of modelling work (Perera et al., 2005a) . However, despite the widespread use of S/S techniques, evidence of validation, especially the time-related material performance in the field is still very limited. Particularly for innovative binders used in S/S techniques, real-time field validation will provide the most valuable evidence and help to gain confidence on the binders developed. The strength and leaching properties of selective mixes from the same project have been reported in Wang et al. (2015b) and a confidential report. The comparison of the 28-d and 3-y data showed consistently increased UCS, decreased total heavy metals and total organics leached from both PC and MgO-containing binders. Thus it is concluded that there is no degradation of the S/S materials after 3 y exposure to the field conditions. However, as is inferred in Chen et al. (2009) that atmospheric carbonation can degrade cementbased solidified wastes and increase the release of heavy metals to the environment with time. It is likely to happen after 3 y considering the decreased pH buffering capacity of the PC-based binders as shown in Fig. 5 . On the other hand, MgO-bearing binders showed improved pH buffering capacity due to the low solubility of brucite as well as the hydrotalcite-like phases, ensuring stable immobilisation performance for heavy metals even after a long time. As deduced in Suzuki et al. (2013) , MgO treatment at a 5 mg g À1 -dry soil dosage is able to provide the soils with an adequate acid buffer capacity to accommodate 100 y of exposure to acid rain at pH 4.0. Therefore, it is indicated that the MgO-bearing binders can serve as promising S/S binders providing better mechanical and immobilisation performance and improved durability and sustainability compared to PC.
Conclusions
The performance of 3-y old S/S materials was evaluated in terms of their strength, permeability and leaching properties. The main focus of this study is the innovative MgO-bearing binders introduced for the first time in the application of in situ soil remediation. The results showed that MgO-bearing binders are very promising binders in the S/S techniques, and their properties vary widely depending on their compositions. The major conclusions drawn from the present study are as follows:
(a) The MgO alone provided negligible strength to the soil, but it significantly improved the immobilisation capacities on both the organic and inorganic contaminants; (b) The replacement of MgO by 90% GGBS increased the strength and decreased the permeability remarkably, achieving >3.5 MPa. UCS and <10 À10 m s À1 permeability at 3 y;
(c) The pH of the leachates follows the order of: MgO þ GGBS > MgO z PC þ MgO þ PFA ! PC. The improved pH buffering capacity in the MgO-bearing binders is attributed to the low solubility of brucite and hydrotalcite-like phases formed; (d) The immobilisation mechanisms for heavy metals are much more complex due to the mixed contamination in the field and the use of novel binders. Further investigations on the detailed microstructural and speciation analysis would be useful to improve the accuracy of modelling; (e) Al is mainly controlled by the solubility of Al(OH) 3 while Mg, Ca and Si are strongly dependent on the binder composition. MgO-bearing binders showed much less Ca leached and Mg concentration is mainly controlled by the solubility of brucite. The Si concentration is not only governed by CeSeH but also MeSeH dissolution in the MgO þ GGBS blends; (f) The effect of IOC slightly decreased the strength and permeability of MgO-bearing binders, but its effect on the contaminants is not clear. Further studies on the interaction among IOC, MgO-bearing binders and contaminants are required; (g) No degradation in the performance of S/S materials was observed by comparing 28-d and 3-y data. However, the reduced pH values of PC indicated the deterioration to some extent (reduce acid buffering capacity) but will need to be confirmed by further studies on older samples. On the other hand, the high pH buffering capacities of MgO-bearing binders are likely to ensure a better durability in the long term.
